Samples from the high and low shore were taken from mussel populations at two localities. Croyde Bay and Whitsand Bay in southwest England, within the zone of hybridisation of Mytilus edulis and Mytilus galloprovincialis, and analysed at five polymorphic allozyme loci.
INTRO D U CTL ON
Studies of micro-evolution in natural populations are most frequently confined to a relatively short period of time. Investigation of population structure might for example be based on a "snapshot" of gene and genotype frequencies calculated for single samples taken from the populations under study. It is less common to find genetic changes being assessed by repeated samples taken from populations over a period of many years. Yet the investigation of the dynamics of genetic structure is important as it can provide direct evidence of selection pressures or stochastic influences.
The ecological genetics of the blue mussel, Mytilus edulis, is probably the best studied of all marine invertebrates. Research has attempted to explain contemporary macro-and microgeographic allele frequency variation in terms of environmental variables such as temperature and salinity (see Boyer, 1974; Koehn et al., 1976; Moore et a!., 1980; , and references therein) or has involved investigations into the significance of multiple locus heterozygosity upon growth rate and physiological energetics (see Beaumont et a!., 1983; Koehn and Gaffney, 1984;  Hawkins et a Diehi and Koehn, 1985; Mallet et a!., 1986; Rodhouse et a!., 1986, and references therein). Much research has also focused on systematic problems particularly the relationship between M. edulis and its close relative Mytilus galloprovincialis (see Gosling 1984 for a review).
However, fewer studies have investigated temporal changes in allele frequencies in a single mussel population, especially over periods of several years. When such research has been conducted, it has been over short period of time (<18 months) and usually then only for a single enzyme locus. For example, Milkman and Koehn (1977) monitored changing allele frequencies over 13 months at a leucine aminopeptidase locus (Lap-i) in a M. edulis population from Long Island Sound, New York, and were able to estimate growth rates from such changes. Colgan (1981) observed significant allele frequency differences in a population of the Australian beaked mussel Brachidontes rostratus at a malate dehydrogenase locus (Mdh-i) over a period of 12 months. Koehn and Gafiney (1984) and Diehl and Koehn (1985) found significant changes in allele frequencies in newly settled M. edulis spat up until the end of their first year in Long Island Sound, but did not attempt to determine if such changes occurred in other cohorts at the same time, or in subsequent years for the same cohort. M. edulis and M. galloprovincialis were first shown to occur sympatrically in the southwest of England by Lewis and Seed (1969) and Seed (1971) , differentiation between the two mussel types being based mainly upon morphological, anatomical and physiological features. The hybrid nature of such populations was subsequently confirmed by allozyme studies (Ahmad and Beardmore, 1976 ) and further research has enabled the effects of gene pool mixing upon allele frequencies and genotype distributions to be estimated (Skibinski et al., 1978a; Skibinski et a!., 1978b; Skibinski and Beardmore, 1979) .
In S.W. England, sympatric populations of edulis and galloprovincialis exhibit a strong positive correlation between shell length and gene frequencies at three allozyme loci with larger mussels having a higher frequency of alleles which are typically at high frequency in M. galloprovincialis (Skibinski, 1983) . Assuming that length and age of mussels are correlated, two hypotheses can be advanced to explain the association between gene frequencies and size. Firstly, it could be the result of differential viability of the two mussel types and some indirect evidence was advanced in support of this hypothesis (Skibinski, 1983) .
Secondly, it could involve competitive exclusion, with edulis individuals gradually replacing galloprovincialis individuals, resulting in an historical change in the allelic composition of the populations. Thirdly (an explanation which does not require that size and age are correlated), galloprovincialis could have on average a faster growth rate or attain a greater maximum size than edulis.
In this paper we describe a recent investigation of size-dependent allele frequency variation in two hybrid mussel populations using five allozyme loci.
For two of the loci, data collected in 1980-81 is compared with data collected in 1986-87 allowing assessment of historical change in allele frequencies over a period of six years. As spawning is an annual event, six new generations of mussels will have been added to the two populations in the period since 1980-81. This would provide a sufficient turnover of population numbers for the detection of a change in gene frequencies large enough to cause the length dependent variation. We also report the existence of positive correlations between allozyme heterozygosity and shell length in these hybrid populations. The extent to which this is merely a consequence of the changing frequencies of alleles between size classes or is an added effect of heterozygosity is investigated.
MATERIALS AND METHODS Mussels were collected from two high and low shore locations in hybrid edulis/ galloprovincialis populations in S.W. England, Croyde Bay in north Devon and Whitsand Bay in south Cornwall, in late 1986 and early 1987. The sampling locations are from here on referred to as CLS, CHS, WLS and WHS, where C and W stand for Croyde and Whitsand respectively, and LS and HS for low shore and high shore respectively. Collections were also made from these populations in 1980-8 1, but are not differentiated into separate high and low shore samples. Starch gel electrophoresis was employed to study variation at five enzyme systems in the mussels collected in 1986-87. These are aminopeptidase (AP; EC 3.4.1.3), esterase-D (EST-D; EC 3.1.1.1), mannose phosphate isomerase (MPI; EC 5.3.1.8), octopine dehydrogenase (ODH: EC 1.5.1.11) and phosphoglucose isomerase (PGI; EC 5.3.1.9). AP, EST-D, ODH and PGI have been used in earlier studies because of their diagnostic value in distinguishing between M. edulis and M. galloprovincialis (e.g., Skibinski, 1983; Skibinski et a!., 1983) ; MPI has been found to be of diagnostic value more recently. Tissue samples were prepared from hepatopancreas (liver) for all five enzymes. Following dissection, homogenization was carried out in an equal volume of distilled water. After centrifugation at 0°C and 3000 rpm for 15 mm, the supernatant was used as the enzyme source. AP and PGI were both run on a Tris-maleate (pH 74) buffered gel (Ahmad et al., 1977) , whereas EST-D, MPI and ODH were all run on a Tris-citric acid (pH 69) buffered gel (Grant and Cherry, 1985) . The following staining methods were employed: that of Ahmad et a!., (1977) for EST-D, Beaumont et a!., (1980) for ODH, Skibinski et a!., (1983) for AP and PGI, and Grant and Cherry (1985) for MPI. The number of mussels scored per enzyme locus ranged from 158 (MPI at WHS) to 288 (PGI at CLS), with an average of 208 per sample. The total number of enzyme locus genotypes scored was 4159 . Samples of mussels obtained in 1980-81 were scored for only two allozyme systems, EST-D and ODH, and the total number of enzyme genotypes scored was 3479. The sample sizes used for comparison of 1980-81 and 1986-87 collections are given in the legends of figs 3 and 4.
All the loci are multi-allelic and to aid in data analysis compound alleles as described by Skibinski (1983) were employed. At a given locus the compound allele E is obtained by pooling those alleles which are at highest frequency in M. edulis and the compound allele G is obtained by pooling those alleles which are at highest frequency in M galloprovincialis. The two compound alleles are not perfectly diagnostic as G/ G edulis and E/ E galloprovincialis individuals do occur (Skibinski, 1983 An added effect of heterozygosity, that is an interaction betwen the two alleles in the heterozygote will occur if the value of b is greater than, or less than, the mid-point between a and c. If differential viability is involved this would imply heterosis (as defined by Falconer, 1981 ) with respect to this component of fitness, but if differential growth is involved this would imply an added effect of heterozygosity on growth rate. An interaction can be estimated by calculating h(%)= {[B-(A+ C)/2]/(jA-CI)} x 100. If h =0 then b=05(a+c) and there is no added effect of heterozygosity. Two models will be tested. The first, as described above, tests an additive relationship between gene dosage and the transformation parameters. The second tests a multiplicative relationship, for example a = x2, b = x, c = 1 and may be more realistic biologically. The multiplicative model will also be appropriate in a situation where several rounds of additive transformation occur between the size classes. The model is tested by using log A, log B and log C in place of A, B, and C in the equation for h. In both models, values of h above 100 per cent would indicate overdominance with respect to growth or viability. Confidence limits of 95 per cent for the values of h have been set using the technique of bootstrapping. The genotype frequencies in the samples of large and small mussels were used to generate random replicate bootstrap samples for which values of h were calculated. The confidence limits of h were found to be almost identical in two replicate sets of 2000 bootstrap samples. Thus, the limits for one of these sets was used.
RESULTS
For the mussels sampled in 1986-87, it is clear that whilst the mean E/E homozygote frequency over all five loci decreases with increasing shell length, the mean G/G homozygote frequency exhibits an increase in frequency with increasing shell length regardless of position on the shore ( fig. 1 ). The frequency of the E allele as mussels in the 10- Figure 4 Comparison of the frequencies of three genotypes (E/E, E/G, and G/G) at Odh in samples of mussels collected in (Nei, 1972) , the extent of genetic differentiation between M. edulis and M. galloprovincialis. relationship between these four statistics. For example, Est-D the most diagnostic locus (as judged by the value of I) shows the largest deficit of heterozygotes, the most negative gradient and the highest intercept. The pattern of ranking of the five loci is in almost perfect agreement for each of the four statistics. This result suggests that the size dependence is a function of an increasing proportion of the M. galloprovincialis genome in larger mussels, rather than a locus specific phenomenon.
The results of regression analysis of heterozygosity on shell length for each of the five allozyme loci and for the mean of the five loci is shown in table 3. For this analysis the system of compound alleles is not used, that is, allozyme heterozygotes are counted as heterozygotes in the analysis.
Similar results are, however, obtained with analysis of compound genotypes. Because these data better describe a linear rather than sigmoidal relationship with shell length, they are untransformed. The value of mean heterozygosity is calculated as the total number of heterozygous individuals for all five loci, divided by the sum of the number of mussels that were typed electrophoretically at each of the five loci. The mean heterozygosity value is This observation suggests that the increase of heterozygosity with shell length is largely a by product of the change in allele frequencies between size classes rather than the result of an added effect of heterozygosity or of overdominance on growth or viability.
The results of the analysis of the models employing transformation parameters are given in (1) 20* (40) whole h values for the test for the additive model tend to be negative whilst those in the test for the multiplicative model tend to be positive though there are some discrepant values. Two contrasting interpretations are possible. Firstly, the multiplicative model is correct and positive h values suggest a positive added effect of heterozygosity. Secondly, the additive model is correct and there is a negative added effect. The second interpretation is less appealing and it assumes a less realistic biological model.
Interpretation of the results of the models in terms of growth differences is somewhat problematical. This is because a linear relationship between gene dosage and mean growth rate is not necessarily translated into a linear relationship between gene dosage and the transformation parameters calculated from truncated 'slices' from the lower and upper ends of the size distribution. However, the range of the transformation parameters of different genotypes would reflect the ranking of growth coefficients.
It should be noted that with one exception (Whitsand 1986-87, Ap) none of the values of h exceed 100. There is thus no evidence at all that the observed positive correlation between size and heterozygosity is the result of overdominance with respect to either growth or mortality.
DISCUSSION
The allele frequencies determined for both Croyde and Whitsand in this study show little change in the period 1980-8 1 to 1986-87. It is clear therefore that the hypothesis of an historical change in allele frequencies occurring within the hybrid mussel populations (Skibinski, 1983 ) is not correct, as E/E mussels have not replaced, or even begun to replace E/G and G/G mussels within the 6-year period. There are some smaller differences between the data sets in figs. 3 and 4 which may be too large to be accounted for by sampling variation. These might be explained by variation in the pattern of differential growth or mortality, by microgeographic variation in sampling positions, or by seasonal or annual variation in reproductive performance of the populations. It thus appears that the hypothesis of an historical change can be rejected and that the size-dependent genetic variation is best explained by differential growth or mortality.
For mortality it can be hypothesised that the environment provides a certain carrying capacity for adult mussels and that the galloprovincialis type is at a competitive advantage and fills this niche in a fashion that is largely independent of its frequency in the spat. However, galloprovincialis do not replace edulis either because of the considerable immigration of edulis spat from areas where edulis is in the majority, or because edulis individuals have higher reproductive capacity than galloprovincialis of the same age. Thus, at a given locality such as Croyde or Whitsand it seems possible that a density or frequency dependent competitive advantage of adult galloprovincialis mussels may be balanced either by a reproductive advantage of edulis or by immigration of edulis.
The decrease in E allele frequency as a function of shell length is very similar in both intra-and inter-site comparisons, occurs all over the intertidal distribution of the mussels and is constant from one year to the next. This suggests that the cause is itself relatively constant from year to year and affects all the littoral zone in a similar fashion. It therefore seems possible that a physical factor is responsible for the observed change in allele frequencies, as a physical factor can be widespread in effect and relative constant from year to year and thus be capable of producing the observed changes. In terms of wave action, both Croyde and Whitsand are fairly exposed sites which led Skibinski (1983) to suggest that wave action, as a force of selection, may be acting differentially on the two morphologically distinct forms of mussel. A further possible mechanism of selection is the abrasive effect of very considerable quantities of suspended sand, common to both sites, carried by the incoming tides. The level of sand adjacent to and surrounding the rocks which the mussels inhabit can vary by at least 1 m from one low tide to the next (personal observation) and it is conceivable that such sand "blasting" at high tide could act differentially upon the different forms of mussel to cause the observed size dependent genetic variation. Further evidence in favour of differential mortality is provided by the results of Gosling and Wilkins (1981) who observed that M. galloprovincialis and hybrid edulis/ galloprovincialis mussels are only rarely found in sheltered locations on the coasts of Ireland, whilst these same forms are abundant in more exposed locations. This was confirmed by Skibinski et a!., (1983) who demonstrated a significant association at the Est-D locus, of alleles at high frequency in galloprovincialis individuals, with increased exposure at sites in Ireland. Therefore, evidence indicates M. galloproviancialis has an advantage in exposed regions.
At Croyde the high and low shore localities show similar patterns of size dependent variation (figs. I and 2) whereas at Whitsand the high and low shore samples show somewhat different patterns. At WHS the frequency of E/E begins to decline sharply at a smaller size than at WLS. This is consistent with more intense selection against the edulis type higher up the shore and suggests that galloprovincialis may better withstand longer periods of emersion than edulis. A similar result was obtained by Skibinski (1983) who observed higher frequencies of G at Est-D for all size classes in mussels sampled higher up the shore.
Studies of hybrid zones using diagnostic allozyme alleles have been made in a number of organisms (e.g., Hunt and Selander, 1973; Blackwell and Bull, 1978) . Correlations between allozymes and morphological characters in hybrid zones arise from the strong linkage disequilibrium between the allozyme alleles and alleles at loci controlling the phenotypic difIrences characterising the hybridising forms. In some instances where mixing of gene pools or introgression is great the disequilibrium is eroded and correlations between the characters disappear (e.g., Avise and Smith, 1974) . Previous studies of hybrid populations of edulis and galloprovincialis have demonstrated such correlations among allozymes and morphological characters, the strength of the correlations varying between localities (Skibinski eta!., 1978a; Skibinski eta!., 1983) . In the present study it would thus seem reasonable to suggest that any selective force causing the size dependent pattern of genetic variation acts primarily on alleles which are in disequilibrium with the allozyme alleles and which control the distinctive biological differences between the two forms of mussel. The size dependence effect would be expected to be most apparent for allozyme loci having the greatest diagnostic power as these should show the greatest disequilibrium. This is what is observed; the loci Est-D, Odh and Mpi have much lower genetic identity values than Ap and Pgi and show a more marked decline in frequency with increasing size ( fig. 6 and table 2).
The pattern of size dependent variation also differs between the two localities. At Croyde the initial and final frequencies of the E allele have more extreme values than at Whitsand, which results in a faster rate of decline of frequency with size ( fig. 2 and table 1 ). This might also be explained by postulating greater disequilibrium at Croyde than at Whitsand. There is some evidence for this based on correlations between allozyme loci (Skibinski, 1983) . Another possibility is that more intense selection is occurring in favour of the gal!oprovincialis type at Croyde.
The pattern of decrease in the frequency of E (or increase in G) with increasing shell length is characterised by a sigmoidal relationship ( fig. 2) . Such a pattern of length-dependent gene frequency variation is typical of that caused by selection against a gene with intermediate dominance (Falconer, 1981) . In this situation the change in gene frequency from one size class to the next is smallest at extreme and greatest at intermediate gene frequencies. Thus, the shape of the relationship between size and allele frequency is consistent with the hypothesis of selective mortality.
The observations cited above are, however, also consistent with the hypothesis that the size dependent variation is generated by growth differences caused by the allozyme alleles or by alleles in disequilibrium with them. These observations include the sigmoidal relationship, the differences between sampling localities, the differences between high and low shore, and the differences between allozyme loci. A fairly convincing argument has however been put forward against the growth hypothesis. This is that the growth curves of Fig. 5 indicate that only small differences in maximum length occur between edu!is and ga!loprovincialis. Thus, gal!oprovincialis would only begin to occur at much higher frequency than edulis in size classes greater than 50 mm, whereas the points of maximum steepness in the observed relationships between size and allele or genotype frequency occur at between 20-3 5 mm.
It is, of course, possible that both growth and differential mortality are significant factors, as mussels which have greater survival potential may also have an increased growth potential as a result of, for example, lower maintenance costs or increased metabolic efficiency. Further research is at present underway using shell sectioning techniques (for growth rate and age determinations) and growth experiments (both in situ and following transplantation) to attempt to resolve these questions.
Although contradictory results exist, studies of a wide variety of plants and animals provide evidence of positive correlations between growth rate and allozyme heterozygosity (see Mitton and Grant, 1974) . Much of this research has been carried out with bivalves (see Gaff ney and Scott, 1984;  Foltz and Chatry, 1986), though we believe the present study to be the first to be carried out on hybrid molluscan populations. Hybrid populations are of interest for two reasons. Firstly, E/ G heterozygotes must be multiply heterozygous at very many other loci which control the phenotypic differences between edulis and galloprovincialis. Evidence for this is provided by observations of correlations between genotypes at the diagnostic allozyme loci and the morphological and anatomical characters distinguishing edulis and galloprovincialis, E/ G genotypes being morphologically intermediate (Ahmad and Beardmore, 1976; Skibinski et a!., 1978a; Skibinski et a!., 1978b; Skibinski, 1983) . Thus, an added effect of heterozygosity would be accumulated over many loci whether it is the result of dominance or true overdominance at individual loci or due to epistatic interactions between loci. Secondly, if associative overdominance was occurring in the parent populations then there would be no overdominance in the hybrid population when comparing heterozygous with homozygous hybrid genotypes, because of the masking of recessive, deleterious alleles (Zouros and Foltz, 1987) . Thus, overdominance or a large added effect of heterozygosity would only be anticipated in the present study because of this first reason. No such thing was found, and it appears that the observed correlation between size and heterozygosity is largely attributable to changing gene frequencies between different size classes.
